Camellia is an ornamental tree that is grown worldwide. There are many excellent classical cultivars whose origins are unclear. Chloroplast DNA (cpDNA) is a good material for tracing maternal lineages and we therefore conducted polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis of the cpDNA atpI-atpH region from 162 accessions derived from 49 species of the genus Camellia. In order to specifically and accurately amplify the atpI-atpH region, camellia-specific primers were designed and utilized with some of the accessions. PCR amplification of the atpI-atpH region resulted in two major bands of approximately 800 bp and 1200 bp. TaqI digestion resulted in 3 different band patterns derived from the 800 bp fragment and 5 patterns derived from the 1200 bp fragment. Most of these eight PCR-RFLP patterns were distributed widely amongst species and sections of the genus. In particular, it was possible to use this approach to distinguish between the main species from which ornamental camellia cultivars are derived. Sequence analysis of the atpI-atpH region showed a number of mutations, which were characteristic of particular species. These results indicate that PCR-RFLP analysis of the atpI-atpH region will be very useful for investigating variations in the genus Camellia.
Introduction
The garden plant camellia has great ornamental value as a rare winter blooming evergreen tree grown in temperate areas. It is believed that horticultural cultivars of camellia have been grown in Japan for more than 400 years (Tuyama, 1968) . There were over 100 named cultivars in Japan in the early Edo period (1603-1867). The genus Camellia contains more than 200 species, and the center of distribution of the genus is south and southwestern China (Chang and Bartholomew, 1984) . Despite the large number of Camellia species, only a few species have been used for horticulture. The overwhelming majority of garden camellia cultivars are derived from Camellia japonica L. C. japonica subsp. rusticana (Honda) Kitamura, C. sasanqua Thunb., and C. reticulata Lindl. have also been utilized, and they and their hybrids form the majority of modern camellia cultivars (Chang and Bartholomew, 1984; Hakoda, 1987) . Among the excellent and sophisticated classical cultivars, there are many whose origins are not clear. For example, the origins of the important Japanese cultivars C. uraku Kitamura and C. wabiske Kitamura have been unclear for a long time. They are considered morphologically to be hybrids between C. japonica L. and an unknown species from continental China (Kirino, 1986) .
In the past several decades, the breeding of interspecific hybrids of the genus Camellia has resulted in the production of many diverse new cultivars. New genetic resources have been used to increase diversity amongst camellia cultivars such as C. chrysantha (Hu) Tuyama, which is a deep yellow camellia flower that has been used as resource to introduce yellow coloration into camellia cultivars. Interspecific hybrid cultivars will be bred more than ever before. For further progress in developing new horticultural varieties, it is important to clarify the origins of classical cultivars, from which the present garden cultivars are derived. It is quite difficult to resolve the origins of these ancient cultivars from old records and we have applied a molecular biological technique to resolve this problem.
409
Chloroplast DNA (cpDNA) shows maternal inheritance in most flowering plants, does not undergo recombination and has a slow rate of evolution (Palmer, 1987) ; therefore, cpDNA is a good tool for tracing seed parents and maternal ancestors. The detection of restriction fragment length polymorphisms (RFLPs) in specific regions of cpDNA, amplified by the polymerase chain reaction (PCR), has been developed as a method for detecting variations in cpDNA. There are many other horticultural plants whose backgrounds are unclear, and PCR-RFLP analysis has been used to trace maternal lineages in horticultural cultivars of chrysanthemum (Kishimoto et al., 2003) , oriental hybrid lily (Haruki et al., 1998) , rose hybrids (Takeuchi et al., 1995) , radish (Yamane et al., 2005) , apple (Coart et al., 2006) , and sweet cherry (Panda et al., 2003) . In preliminary experiments, we applied PCR-RFLP analysis to the genus Camellia, examining 8 cpDNA regions (atpIatpH, matK, petA, rbcL, rpoB, rpoC1-rpoC2, trnK, and 16S) using 10 restriction enzymes (AluI, HaeIII, HhaI, HinfI, MspI, NdeII, RsaI, Sau96I, ScrFI, and TaqI) for 8 species and then obtained 3 different band patterns by a combination of atpI-atpH/TaqI and 2 different band patterns by a combination of matK/NdeII, petA/HaeIII, petA/HinfI, rbcL/AluI, and trnK/RsaI, respectively . We examined the combination of atpI-atpH/TaqI more detail and found it was useful to discuss the diversity of the genus Camellia (Shibata et al., 2000) . Moreover, it was shown that interspecific hybrids exhibited the same bands as their seed parents when analyzed by PCR-RFLP . Therefore, we hoped that this analysis technique would enable us to clarify the maternal origins of cultivars whose origins have been unclear. In this study, we conducted PCR-RFLP analysis on a wide variety of Camellia species. Sequence analysis was also carried out to further characterize variations in the atpI-atpH region. Our results demonstrate the usefulness of this cpDNA region for distinguishing species and cultivars in the genus Camellia.
Materials and Methods

Plant materials
All plant materials belong to the genetic resources collection of the National Institute of Floricultural Science (NIFS). Young leaf samples were collected from 162 accessions derived from 49 species of Camellia shown in Table 1 , the classification of which was based on that of Chang and Bartholomew (1984) with modifications by Hakoda (1987) .
DNA extraction
Each young leaf sample was ground to a fine powder in liquid nitrogen using a mortar and pestle. Total DNA, including cpDNA, was extracted using the ISOPLANT II kit (Nippon Gene Co. Ltd., Tokyo, Japan). The extracted DNA samples were purified using CHROMA SPIN + TE-1000 columns (Clontech Laboratories, Inc., Mountain View, CA, USA).
PCR-RFLP analysis
The primer sequences for PCR amplification of the cpDNA atpI-atpH region were 5'-CCGCAGCTTATAT AGGCGAA-3' and 5'-TTGACCAACTCCAGGTC CAA-3'. These primers were designed by Tsumura et al. (1996) using the atpI-atpH sequence from Spinacia oleracea. Each PCR reaction was carried out in a 20 µL volume containing 40 ng of template DNA, 3 pmol of each primer, 0.2 mM of each dNTP, 1 unit of Ex Taq DNA polymerase (Takara Bio. Inc., Shiga, Japan) and 2 µL of 10 × buffer for Ex Taq. The amplifications began with 94°C for 30 s for initial denaturation, followed by 35 cycles of 94°C for 30 s, 60°C for 2 min, and 72°C for 3 min, with a final 7 min incubation at 72°C. To determine the sizes of the amplified fragments, 5 µL of the PCR products were electrophoresed on 2% agarose gels (SeaKem GTG Agarose, Lonza Walkersville, Inc., Walkersville, MD, USA) containing ethidium bromide. The PCR products were also digested with TaqI restriction enzyme and the digest fragments were separated by electrophoresis in 4% agarose gels containing ethidium bromide. DNA fragments were observed in the gels under UV light.
Cloning and Sequencing
The PCR amplified atpI-atpH regions of 24 accessions derived from 20 species, which showed different polymorphic band patterns in PCR-RFLP analysis (Table 3) , were cloned and sequenced to obtain additional information about sequence variations in this region. The PCR products were purified using the GFX PCR DNA and Gel Band Purification Kit (GE Healthcare UK Ltd., Buckinghamshire, UK). Purified DNA was ligated into the pT7Blue T-Vector (Novagen Inc., Madison, WI, USA) using a DNA Ligation Kit (Takara Bio Inc.) and then used to transform Escherichia coli strain JM109. The transformed cells were plated on LB agar plates containing X-gal, IPTG and ampicillin (100 mg·L −1 ) and incubated at 37°C overnight. White colonies were randomly selected and the presence of the desired insert was confirmed by PCR-RFLP. Three clones per transformation were selected. Plasmid DNA was isolated and purified using the QIAprep Spin Miniprep Kit (Qiagen GmbH, Hilden, Germany). Sequencing was performed using the BigDye Terminator Cycle Sequencing Kit and a PRISM 377 DNA sequencer (Applied Biosystems, Foster City, CA, USA). The M13M4 and M13RV primers were used to sequence each clone from both directions. The sequences were analyzed using the DNASIS V3.7 program (Hitachi Software Engineering Co., Ltd, Tokyo, Japan). The sequence of each insert was determined as the consensus sequence of the three clones and deposited in the DDBJ database (accession numbers AB364653-AB364676). Table 1 . Camellia accessions used for PCR-RFLP analysis. Classification of the genus Camellia is based on Chang and Bartholomew (1984) with modifications by Hakoda (1987) . Primer design Several of the accessions analyzed in this experiment showed unusual PCR-RFLP patterns. For these accessions, many digested fragments were detected after TaqI digestion. To resolve this problem, specific primers for the Camellia atpI-atpH region (5'-TGGAGGGC CATCATTGACTA-3' and 5'-TGATAAGTTCCTCG CACCAA-3') were designed using the Primer3 primer design program (http://frodo.wi.mit.edu/cgi-bin/ primer3/primer3_www.cgi; December 5, 2007). These primers were based on conserved sequences within the atpI-atpH region, which were identical among all of the 24 accessions used for sequencing. PCR-RFLP analyses with the new primers were performed as described above.
Results
PCR-RFLP analysis
For this study, we used PCR-RFLP analysis to identify fragment length polymorphisms in the atpI-atpH region of the cpDNA of 162 accessions derived from 49 species in the genus Camellia. Eight band patterns were detected when the PCR-amplified atpI-atpH region was digested with TaqI. PCR amplification of the atpI-atpH region resulted in two fragment sizes, one of approximately 800 bp, and the other of approximately 1200 bp (Fig. 1a) . Digestion of the 800 and 1200 bp fragments with TaqI resulted in 3 and 5 different band patterns, respectively (Fig. 1b) . The 3 patterns derived from the 800 bp fragments were designated as 800a (bands of approximately 370 bp and 190 bp were detected), 800b (370 bp, 190 bp, and 170 bp), and 800c (240 bp, 190 bp, and 130 bp). The 5 patterns derived from the 1200 bp fragments were designated as 1200a (460 bp, 310 bp, and 190 bp), 1200b (460 bp, 310 bp, 190 bp, and 170 bp), 1200c (460 bp, 240 bp, and 190 bp), 1200d (460 bp, 210 bp, and 190 bp), and 1200e (510 bp, 310 bp, and 190 bp) . Small bands of less than the above sizes were discounted because they were often difficult to see in the UV-illuminated gels. Similarities in the band patterns for pairs 800a and 1200a, 800b and 1200b, and 800c and 1200c suggested that these fragments may contain common recognition sites for TaqI (Fig. 1b) .
The results for all accessions are summarized in Table 2 . PCR-RFLP patterns were distributed widely among species and sections of the genus, except for patterns 1200b and 1200d, which were detected in only one species each. Pattern 1200a was detected in the largest number of species (20), followed by 1200c (found in 14 species). Interestingly multiple PCR-RFLP patterns were detected in a section. For example, 5 different patterns, 800a, 800c, 1200a, 1200c, and 1200d, were detected in the section Camellia.
Primer design
The following 7 accessions showed complex, unusual band patterns after digestion with TaqI . In these cases, only one band was produced by PCR, but more bands than expected, based on the length of the PCR product, appeared after TaqI digestion (data not shown). To resolve this problem, we designed new primers which are specific for the atpI-atpH region of the genus Camellia. The positions of these new primers on the sequence of the atpI-atpH region are shown in Figure 2 . When these primers were used for PCR amplification in samples from the above 7 accessions, each one revealed a clear band pattern which could be classified into one of the 8 PCR-RFLP patterns described above.
Sequence analysis
To understand the nature of the length variation in the atpI-atpH region of the genus Camellia, and to investigate how variations in the 8 PCR-RFLP patterns are related, sequence analyses were carried out. Several representatives from each of the 8 PCR-RFLP patterns were chosen and the sequences of their atpI-atpH regions were compared. Figure 2 shows the nucleotide sequence of the PCR amplified fragment from C. japonica L. 'Chinshin' (No. 622) , which displayed the 1200a pattern ('Chinshin' is a wild C. japonica L. given the cultivar name.). The positions of sequence variations (numbered 1-17) detected in other species are shown in Figure 2 , and the details of these variations are given in Table 3 . The length variation in the atpI-atpH region is explained by a deletion of about 400 bp in the 800 bp amplified fragments, compared with the 1200 bp amplified fragments. There are sequences of multiple adenines at the 3' and 5' ends of this deletion. In this analysis, 3 clones of each PCR amplified fragment were sequenced, and we could not determine the exact numbers of adenines in these sequences because of variation between the 3 clones. As shown in Figure 2 and Table 3 , the patterns 800b and 1200b have one less TaqI restriction site than pattern 1200a, because of a single-base G to A substitution at the position of variation No. 16. In the patterns 800c and 1200c, there is an additional TaqI restriction site at the position of variation No. 11, due to a 6 bp deletion. The 1200d pattern has an additional TaqI restriction site due to single-base C to T substitution at the position of variation No. 12. The 1200e pattern has one less TaqI site due to single-base G to A substitution at the position of variation No. 1. A diagram showing TaqI restriction sites in each of the 8 PCR-RFLP patterns is shown in Figure 3 .
In addition to the 400 bp deletion/insertion that explains the two band sizes obtained after PCR amplification of the atpI-atpH region, we found 17 other mutations in the 24 accessions analyzed (Table 3) . Two accessions each of C. oleifera Abel, C. pitardii var. yunnanica Sealy, and C. lutchuensis T. Ito in Ito & Matsumura were analyzed by sequencing. In each case, the nucleotide sequences were identical between these pairs of accessions, and for this reason we concluded that the pattern of mutations detected in each species or variety may be generally characteristic of that species or variety. The multiple occurrences of both 1200a and 1200d patterns within C. japonica L. were due to a single mutation which influenced the TaqI restriction site. Table 3 . Underlines show poly-A sequences where the exact numbers of adenines were not determined. x: Primers designed from Spinacia oleacea (Tsumura et al., 1996) . y: Primers designed from Camellia. 
Discussion
In the genus Camellia, eight different PCR-RFLP patterns were detected by TaqI digestion of a PCRamplified fragment from the cpDNA atpI-atpH region. Most of these patterns were detected in a wide range of not only species but also sections of the genus. Garden camellia cultivars are mainly derived from the species C. japonica L., C. japonica subsp. rusticana (Honda) Kitamura, C. sasanqua Thunb., and C. reticulata Lindl. (Chang and Bartholomew, 1984; Hakoda, 1987) . These four subspecies or species can be distinguished using PCR-RFLP analysis of the atpI-atpH region, resulting in band patterns 1200a or 1200d, 800a, 800b, and 1200c, respectively. Furthermore, we also detected distinguishable band patterns for many other Camellia species. It is hoped that we will obtain useful information about the seed parents or maternal ancestors of many cultivars using this PCR-RFLP method. Tanaka et al. (2005) identified the seed parent of C. × vernalis as C. sasanqua by PCR, using the difference in lengths of the atpI-atpH region between C. japonica L. and C. sasanqua Thunb.
The PCR-RFLP patterns were not identical within species of C. brevistyla (Hay.) Cohen Stuart, C. polyodonta How ex Hu, C. pitardii Cohen Stuart var. pitardii, C. pitardii var. yunnanica Sealy, C. japonica L., and C. chrysantha (Hu) Tuyama (Table 2 ). Both patterns 1200a and 1200d were detected in C. japonica L. Based on our investigation of many accessions of C. japonica L., it is inferred that both patterns exist generally and widely in this species. As shown by the results of sequence analysis, the difference between 1200a and 1200d patterns resulted from a single nucleotide mutation ( Table 3 ), so that these patterns are probably intraspecific variations in C. japonica L. While the 1200d pattern was detected only in C. japonica L., the 1200a pattern was distributed widely over the genus Camellia; therefore, the original pattern in C. japonica L. was probably 1200a, and the 1200d pattern was probably derived from it. Two different PCR-RFLP patterns among the other species were suggested due to intraspecific divergence and/or incompletion of the classification of these species.
Based on the results of sequence analysis, we produced a speculative model of how the 8 PCR-RFLP patterns might have occurred in the genus Camellia, shown in Figure 4 . It is presumed that the 1200a pattern is the original because this pattern was detected in the largest number of species in our PCR-RFLP analysis, and this nucleotide sequence had the fewest mutations compared with other patterns. It is also supposed the 800 bp patterns were derived from 1200 bp patterns by the deletion of about 400 bp. One reason for the high level of variation in the atpIatpH region is because most of this region consists of an intergenic spacer sequence (Tsumura et al., 1996) . In recent years, the use of noncoding cpDNA regions, which evolve more rapidly than coding regions, has become popular for plant phylogenic studies at the intergeneric and interspecific levels (Shaw et al., 2005) . However, most of these studies have used some portion of the trnL-trnL-trnF or trnK-matK-trnK regions, and the other noncoding regions have been used much less frequently (Shaw et al., 2005) . Our study demonstrated that the atpI-atpH region can be very useful for the detection of variations in the genus Camellia. Because there appear to be mutations within this region that are characteristic of individual species, sequence analysis of the region might be useful for species identification. PCR-RFLP analysis of this region using only the enzyme TaqI resulted in eight different band patterns, and so this method seems to be appropriate for the rapid processing of large numbers of samples to investigate sequence Numbers correspond to variation numbers in Figure 2 and Table 3 . Band sizes which are the major characteristic of each pattern are shown. 
